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Abstract
Neural stem cell self-renewal, neurogenesis, and cell fate determination are processes that control the generation of specific
classes of neurons at the correct place and time. The transcription factor Pax6 is essential for neural stem cell proliferation,
multipotency, and neurogenesis in many regions of the central nervous system, including the cerebral cortex. We used Pax6
as an entry point to define the cellular networks controlling neural stem cell self-renewal and neurogenesis in stem cells of
the developing mouse cerebral cortex. We identified the genomic binding locations of Pax6 in neocortical stem cells during
normal development and ascertained the functional significance of genes that we found to be regulated by Pax6, finding
that Pax6 positively and directly regulates cohorts of genes that promote neural stem cell self-renewal, basal progenitor cell
genesis, and neurogenesis. Notably, we defined a core network regulating neocortical stem cell decision-making in which
Pax6 interacts with three other regulators of neurogenesis, Neurog2, Ascl1, and Hes1. Analyses of the biological function of
Pax6 in neural stem cells through phenotypic analyses of Pax6 gain- and loss-of-function mutant cortices demonstrated that
the Pax6-regulated networks operating in neural stem cells are highly dosage sensitive. Increasing Pax6 levels drives the
system towards neurogenesis and basal progenitor cell genesis by increasing expression of a cohort of basal progenitor cell
determinants, including the key transcription factor Eomes/Tbr2, and thus towards neurogenesis at the expense of self-
renewal. Removing Pax6 reduces cortical stem cell self-renewal by decreasing expression of key cell cycle regulators,
resulting in excess early neurogenesis. We find that the relative levels of Pax6, Hes1, and Neurog2 are key determinants of a
dynamic network that controls whether neural stem cells self-renew, generate cortical neurons, or generate basal
progenitor cells, a mechanism that has marked parallels with the transcriptional control of embryonic stem cell self-renewal.
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Introduction
A fundamental feature of neural development is the production
of defined types of neurons in a temporal order from multipotent,
regionally-specified neural stem and progenitor cells [1]. During
nervous system development, maintaining the balance between
stem cell self-renewal and neurogenesis is essential for the
generation of the correct proportions of different classes of
neurons and subsequent circuit assembly. Little is known of the
molecular control of the key neural stem (NS) cell properties of
multipotency and self-renewal. This is in contrast to other classes
of stem cells, most notably embryonic stem (ES) cells, in which a
group of three transcription factors, Sox2 and the two ES-specific
factors Oct4 and Nanog, co-operate to control pluripotency and
self-renewal in a non-redundant manner [2,3].
The paired-domain, homeodomain-containing transcription
factor Pax6 is highly conserved among vertebrate and inverte-
brate species and is essential for the development of much of the
central nervous system, including the eye, spinal cord and
cerebral cortex, as well as pancreatic islet cells [4–7]. Detailed
analyses of neocortical and retinal development in mice mutant
for Pax6 have identified defects in neural stem and progenitor cell
proliferation, multipotency, neurogenesis, the generation of
specific types of neurons, and marked changes in spatial pattern
[8–19]. In the neocortex, loss of Pax6 function results in
microcephaly, abnormal development of the secondary progen-
itor population of the subventricular zone (SVZ, also known as
basal progenitor cells, BP cells) and a disproportionate reduction
in the production of later-born, upper layer neurons
[12,14,15,17,20–23].
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proliferation and neurogenesis, a potentially fruitful approach to
uncovering cellular pathways controlling these processes is to
identify the downstream targets of Pax6 in neocortical stem cells.
Therefore, in this study we used Pax6 as an entry point to define
the cellular networks regulating neural stem cell self-renewal and
neurogenesis by combining chromatin immunoprecipitation
(ChIP) to identify Pax6-bound promoters with the anatomical
phenotypes and gene expression changes observed in Pax6 mutant
cortices.
To do so, we identified where in the genome Pax6 binds in
mouse neocortical stem cells during normal development, defining
the potential cellular networks regulated by Pax6. As binding does
not necessarily imply regulation, we also studied the transcrip-
tional consequences of altering Pax6 levels in the neocortex in vivo.
Developing tissues are sensitive to Pax6 dosage: heterozygous
human mutations in Pax6 result in aniridia and forebrain
abnormalities [24,25], as do a number of mouse mutations (for
reviews, see [7,26]), humans and mice homozygous for Pax6
mutations typically lack eyes and have marked microcephaly and
absent olfactory bulbs [5,6,19], whereas increasing Pax6 levels in
transgenic mice results in microphthalmia and forebrain abnor-
malities [27–29]. Therefore, we examined the transcriptional
consequences of both increasing and decreasing Pax6 levels in the
developing cortex to identify those promoters actively regulated by
Pax6 in neocortical stem and progenitor cells.
We find that Pax6 controls the balance between self-renewal
and differentiation in neural stem cells in a dose dependent
manner, positively and directly regulating cohorts of genes that
promote self-renewal, basal progenitor cell genesis and neurogen-
esis. In addition, we found that Pax6 interacts with three other
regulators of cortical stem cell neurogenesis, Neurog2, Ascl1 and
Hes1. The four transcription factors regulate one another and
many of the same target genes in an antagonistic manner, defining
a core self-renewal/neurogenesis network that is dependent on a
critical level of Pax6. In support of this, we found in phenotypic
analyses of Pax6 gain and loss of function cortices that an increase
in Pax6 levels drives the system towards neurogenesis and basal
progenitor cell genesis at the expense of self-renewal, whereas
removing Pax6 reduces cortical stem cell self-renewal. In both
cases, altering the levels of Pax6 ultimately leads to microcephaly,
but through different cellular and biological pathways.
Results
The goal of this research was to define the genetic networks
directly and indirectly regulated by Pax6 in neocortical stem and
progenitor cells and to characterise the biological networks of
which Pax6 is a component. To do so, we combined location
analysis of Pax6 bound genomic binding sites in neocortical stem
and progenitor cells in vivo with transcriptome analysis of the
changes in gene expression resulting from altered levels of Pax6,
together with phenotypic data from these and previous studies of
Pax6 gain- and loss-of-function in the developing mouse cerebral
cortex (Figure 1). Finally, we integrated these data with expression
data from previous studies of other transcription factors that have
roles in controlling neocortical neurogenesis, most notably
Neurogenin2 (Neurog2), Hes1 and Ascl1/Mash1 [15,30,31], in
order to extend our knowledge of the biological networks in which
Pax6 operates.
Identification of Pax6 Target Genes in the Developing
Neocortex by Chromatin Immunoprecipitation
To identify promoters targeted by Pax6, we applied in vivo
location analysis to identify where in the genome Pax6 is bound in
neocortical stem and progenitor cells. We carried out chromatin
immunoprecipitation (ChIP) for Pax6-bound DNA in the
developing mouse neocortex at embryonic day 12.5 (E12.5), at
which stage Pax6 is expressed by all neocortical ventricular zone
stem and progenitor cells, but not by post-mitotic neurons [32]. A
set of three biologically independent Pax6 ChIP experiments was
carried out using oligonucleotide microarrays spanning ,8.5 kb
around the transcriptional start sites of over 17,000 mouse genes
(see Materials and Methods for details). As the arrays used sample
the proximal promoters of these genes, this analysis will not
include intronic or distally located enhancers bound by Pax6, such
as the Pax6-bound cortical enhancer of Neurog2 expression, found
,9 kb upstream of the Neurog2 start site [33,34].
Data from the three experiments were analysed to identify
regions of promoters bound by Pax6 in each ChIP and the
individual analyses combined to define a set of 1560 genes with
Pax6-bound promoters (Figure 2; Table S1), of which 1172 are
genes with known or predicted functions (Figure 2H). A set of five
genes defined as Pax6-bound by the array study were confirmed as
bound by qPCR analysis of additional Pax6 ChIP from the E12.5
cortex using two different Pax6 polyclonal antibodies (Figure 2G).
Pax6 Directly Binds to Genes that Control Self-Renewal
and Neurogenesis
Functional annotation of the set of Pax6-bound genes by Gene
Ontology analysis found a significant enrichment for develop-
mental processes among Pax6 target genes, including nervous
system and eye development (Figure 3). Broad functional
categories enriched in the Pax6-bound set included cell cycle
regulation, regulation of proliferation, cell-cell signalling, neuro-
genesis and neuron differentiation. At the functional level, Pax6-
bound genes are enriched for genes with transcription factor
activity and chromatin binding (Figure 3A and 3D). Pax6 binds
transcription factors that are expressed in stem and progenitor
cells (Pax6 itself, Hmga2, Cutl1, Nr2f2, Emx2, Sox9, Neurog3,
Tle1) and basal progenitor cells in the cortex (Eomes/Tbr2,
Neurod1), as well as to transcription factors expressed in newly
Author Summary
Neural stem cells make all of the neurons in the brain. A
key feature of these cells is the ability to regulate the
balance between making more neural stem cells, the
process of self-renewal, and making nerve cells, the
process of neurogenesis. Too much self-renewal would
result in a brain with too few neurons and abnormal
circuitry; too much neurogenesis would deplete all of the
neural stem cells too quickly, resulting in a small brain and
neurological abnormalities. Little is currently known of the
how neural stem cells control this fundamental choice. We
used one transcription factor, Pax6, which is important for
this decision, as an entry point to define the cellular
networks controlling neural stem cell self-renewal and
neurogenesis in the developing mouse brain. We found
that the relative amount of Pax6 controls the balance
between self-renewal and neurogenesis in neural stem
cells. Increasing Pax6 levels drives the system towards
neurogenesis, at the expense of self-renewal, by turning
on a genetic programme for making neurons, whereas
decreasing Pax6 turns off the genetic programme for
neural stem cell self-renewal. In both cases, altering the
levels of Pax6 ultimately leads to a small brain, but through
very different mechanisms.
Pax6 Levels in Neural Stem Cell Self-Renewal
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differentiating cortical neurons (Rorb, Etv1). Together with the
binding of Pax6 to sets of regulators of cell cycle progression and
proliferation (for example, Ccna1, Pten, Cdkn1b, Cdk4, Fzr1 and
Ctnnb1), regulation of these transcription factors confers the
potential for Pax6 to control stem cell self-renewal/proliferation,
neurogenesis and cell fate determination within the cortex.
Transcriptome Analysis Following Changes in Pax6 Levels
In Vivo
Pax6 binding data defines the potential networks controlled by
Pax6 in this cell type. However, binding does not necessarily
equate with activity. Therefore, to characterize the transcriptional
networks within which Pax6 acts, we studied gene expression in
the E12.5 mouse cortex, using microarrays, following Pax6 gain
and loss of function (Figure 4). Intersection of genes that are
positively or negatively regulated by Pax6 defined the transcrip-
tional networks dependent on Pax6, without discriminating
between direct and indirect regulation.
For Pax6 gain of function, we used the D6 enhancer that drives
cortex-specific expression in the ventricular zone and cortical plate
[35–37] to generate transgenic mice expressing the canonical Pax6
isoform, giving rise to animals with a two-fold increase in Pax6
protein in the ventricular zone, as assessed by immunohistochem-
istry (Figure 4A–4C). Expression profiling of cortices from single
wild-type and D6-Pax6 transgenic littermates at E12.5 found 3784
genes showing significantly altered expression (false discovery rate,
FDR, of 0.1), of which 2238 (59%) were upregulated (Figure 4D;
Table S2). In comparison, expression profiling of the Pax6
homozygous mutant cortex (Sey/Sey) at E12.5 identified 938
genes with significantly altered expression, of which 600 (64%)
were up-regulated (Figure 4E; Table S3). Of the 938 genes
showing altered expression in the Pax6 null mutant cortex, 298
(32%) were also altered in expression in the D6-Pax6 cortex
(Figure 4F). From the transcriptome analyses, we defined two sets
of genes showing Pax6-dependency: the set of genes showing
positive dependency on Pax6 was the set formed by the union of
genes up-regulated in the D6-Pax6 cortex and the genes down-
regulated in the Pax6 mutant cortex (Figure 4F and 4G; 2344
genes); the set of genes showing negative dependency on Pax6 was
the set formed by the union of genes down-regulated in the D6-
Pax6 cortex and the genes up-regulated in the Pax6 mutant cortex
(Figure 4F and 4G; 1920 genes).
Genes demonstrating positive dependency on Pax6 were notable
for including many genes expressed in basal progenitor cells,
including Eomes/Tbr2, Gadd45g, Neurod1, Tcfap2c and Hes6
(Figure 4H). Genes similarly dependent on Pax6 for expression
include genes expressed in cortical stem and progenitor cells
associated with self-renewal and proliferation, such as the transcrip-
tional regulators Hmga2 and Hes5, and the cell cycle regulators
Cdk2, Cdk4 and Ccne1. However, transcription factors associated
with neurogenesis, such as Neurog2, Sox4 and Sox21, also show
positive dependency on Pax6 for their expression. In addition,
increasing Pax6 expression leads to an increase in expression of
transcription factors that are preferentially expressed in cortical
neurons of layers 5 and 6 (Tbr1, Zfp312/Fezf2, Nfia, Nfib).
Figure 1. Strategy to characterise the transcriptional networks regulated by Pax6 in neocortical stem cells. (A) Location analysis was
performed for Pax6 binding in the genome of neocortical stem and progenitor cells at embryonic day 12.5 (E12.5) to define those promoters bound
by Pax6 in vivo. (B) To define the transcriptional responses downstream of Pax6, both direct and indirect, global gene expression was compared at
E12.5 between wild-type and Pax6 loss-of-function (LOF) cortices (Sey/Sey) and also between wild-type and Pax6 gain-of-function (GOF) cortices (D6-
Pax6). (C) Phenotypic analyses of the Pax6 gain- and loss-of-function cortices were used to both interpret the gene expression changes observed
upon altering Pax6 dosage and also to test the hypotheses generated from the combination of the Pax6 binding and regulation data (D).
doi:10.1371/journal.pgen.1000511.g001
Pax6 Levels in Neural Stem Cell Self-Renewal
PLoS Genetics | www.plosgenetics.org 3 June 2009 | Volume 5 | Issue 6 | e1000511In contrast, genes demonstrating negative dependency on Pax6
included genes with periodic expression in the cell cycle (FoxM1,
Mcm3, Mcm5). These genes were reduced in expression in the
Pax6-overexpressing cortex, indicating that increasing Pax6 may
alter cell cycle length. Together, the transcriptional analyses
demonstrate that Pax6 regulates neural stem cell maintenance,
basal progenitor cell genesis and neurogenesis.
Pax6 Bound and Regulated Genes Define the Network
Directly Controlled by Pax6 in Neocortical Stem and
Progenitor Cells
To identify those genes that are both bound and regulated by
Pax6, we analysed the intersection between the sets of Pax6 bound
genes and those genes showing Pax6 dependency from the gain
and loss of function transcriptional analyses (Figure 5). Of the set
of 1560 Pax6-bound genes identified by the in vivo location
analysis, 343 (22%) show significantly changed expression in either
the Pax6 gain or loss of function cortex at E12.5 (Figure 5A; Table
S4). Of the 343 bound and regulated genes, 180 were positively
regulated and 143 negatively regulated by Pax6 (Figure 5B and
5C), with 20 genes showing conflicting regulation (either up- or
down-regulated upon both gain and loss of Pax6 function).
Using publicly available in situ hybridization data (GenePain-
t.org; [38]), we assigned cellular expression to 279 of the 343 Pax6
bound and regulated genes in the E14.5 mouse cortex, the
mRNAs of 223 of which were detectable in the cortex at that age
Figure 2. In vivo location analysis identifies the set of genes whose promoters are bound by Pax6 in neocortical stem and progenitor
cells. (A–D) Identification of Pax6-bound promoters. ChIP array data for four typical Pax6-bound promoters, all of which were calculated as significantly
bound above background levels (see Materials and Methods for details). Each graph plots fold-enrichment (in log base 2) on the y-axis, against relative
chromosomal position on the x-axis. (E,F) Validation of the specificity and accuracy of the binding of the Pax6 promoter by Pax6, confirmed by qPCR in
(G).Scanning PCR primerswere designed to amplify DNAfrom a seriesof genomic regions in the Pax6 promoter (red bars represent amplified regions in
the plot of fold-enrichment, y-axis, against relative chromosomal position, x-axis). The peak of Pax6 binding from the ChIP array analysis is shown inE .
Pax6 bindingwasconfirmedinthis assay onlyintheregionaroundtheoligonucleotide,asshowninthegelimagesinF.Pax6,Pax6ChIP;WCE,wholecell
extract. (G) Validation of Pax6-binding to a set of promoters by quantitative PCR in independent ChIPs (not used for the array hybridisations) using two
different Pax6 polyclonal antibodies. Enrichment of a region is calculated relative to that observed in control ChIPs without the primary antibody and
normalised to a non-bound control region (NBCR). (H) Three independent ChIPs and promoter array hybridisations were carried out for Pax6, in which
Pax6-bound material was comparedwithtotal genomicDNA(wholecell extract,WCE) to identifyregions enrichedin thePax6-ChIPmaterial byrawratio
measurements. Pax6 is found on the promoters of 1560 genes, 1172 (75%) of which are annotated genes (Table S1).
doi:10.1371/journal.pgen.1000511.g002
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PLoS Genetics | www.plosgenetics.org 4 June 2009 | Volume 5 | Issue 6 | e1000511Figure 3. Pax6-bound genes are enriched in genes required for nervous system development. (A) Gene Ontology analysis for enrichment
of categories of genes in the Pax6-bound set of genes. The set of Pax6-bound genes was compared to the whole genome to identify functional or
biological sets over-represented in the Pax6-bound set, as described in the Materials and Methods. (B) Examples of genes in selected functional
categories shown in A. (C,D) Cellular localisation of genes representative of some of the biological (C) and molecular (D) categories shown in (A), at
E14.5 from the public in situ hybridisation database GenePaint [38]. The majority of genes are expressed in neocortical stem and progenitor cells in
the ventricular zone (VZ) and basal progenitor cells in the subventricular zone (SVZ), with a significant minority also expressed in differentiating
neurons in the cortical plate (CP). Scale bars, 500 mm.
doi:10.1371/journal.pgen.1000511.g003
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PLoS Genetics | www.plosgenetics.org 5 June 2009 | Volume 5 | Issue 6 | e1000511Figure 4. Expression analysis of Pax6 gain and loss-of-function cortices identifies sets of genes dependent on Pax6 for expression.
(A) Generation of transgenic mice over-expressing Pax6 specifically in the developing cerebral cortex, using the D6 promoter [35]. (B) Fluorescent
immunohistochemistry for Pax6 in control and D6-Pax6 E12.5 cortices demonstrates the marked increase in Pax6 protein in the transgenic cortex.
Scale bar, 100 mm. (C) Quantification of the intensity of anti-Pax6 immunofluorescence in WT and D6-Pax6 cortical ventricular zones, relative to signal
in the basal ganglia in which the D6 transgene is not expressed. Error bars, s.e.m. (D) Microarray analysis of gene expression changes in the cortex of
D6-Pax6 mice at E12.5. Gene expression in cortices from single E12.5 embryos was compared between mice carrying the D6-Pax6 transgene and
control littermates in a set of 6 paired, dye-swapped array hybridisations. Paired hybridisations were averaged and genes showing reproducible,
statistically significant (FDR,0.1) changes in expression were clustered to identify 1567 up-regulated and 2238 down-regulated transcripts (see Table
S2 for details). (E) Microarray analysis of gene expression changes in the cortex of Pax6 mutant (Sey/Sey) mice at E12.5. Gene expression in cortices
from single E12.5 embryos was compared between Sey/Sey mice and control littermates in a set of 6 dye-swapped array hybridisations. A set of 938
genes showing reproducible, statistically significant (FDR,0.1) changes in expression were clustered to identify 338 down-regulated and 600 up-
regulated transcripts (see Table S3 for details). (F) A set of 298 genes was found to have altered expression in both the Sey/Sey and the D6-Pax6 E12.5
cortex to a statistically significant level. (G) From the total set of 4404 genes showing altered expression in one of more of the Sey/Sey and D6-Pax6
E12.5 cortices, the union of the sets of genes upregulated in the D6-Pax6 cortex and genes down-regulated in the Sey/Sey cortex defines a set of
Pax6 Levels in Neural Stem Cell Self-Renewal
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for 188 of those genes (84%), 81 of which were solely expressed in
the ventricular and subventricular zone. A noteworthy minority of
Pax6 bound and regulated genes (21; 9% of detectable mRNAs)
were exclusively expressed in differentiating neurons in the cortical
plate.
Pax6-Regulated Transcriptional and Biological Networks
The combination of Pax6 binding data with the transcriptional
profiling of Pax6 gain- and loss-of-function cortices enabled the
delineation of the direct and indirect networks regulated by Pax6
(Figure 6) and prediction of Pax6 functions in cortical stem and
progenitor cells. As shown, Pax6 positively controls sets of genes
promoting neural stem cell self-renewal and/or maintenance:
Pax6 positively regulates transcription of Hmga2, Tle1 and Cdk4
directly, promoting cell cycle progression and neural stem cell
maintenance [39–41]. Furthermore, Pax6 controls expression of
D-class cyclins, Hes5 and Notch ligands indirectly [39,42,43],
underlining the importance of Pax6 in promoting neural stem cell
self-renewal.
However, the self-renewal functions of Pax6 are offset by its
binding to, and positive regulation of, genes and transcription
Figure 5. The set of genes bound and regulated by Pax6 in the embryonic cerebral cortex. (A) Identification of a set of 343 genes both
bound and regulated by Pax6 by intersecting the three genomics datasets reported here: Pax6 ChIP-on-chip and the array analyses of Pax6 gain- and
loss-of-function cortices. The intersection is highlighted in blue (see Table S4 for details). (B) Definition of the sets of genes bound and positively
regulated by Pax6 (green shading) and negatively regulated by Pax6 (red shading). (C) Breakdown of the evidence for positive or negative regulation
of genes by Pax6: 23 genes show regulation following both gain and loss of Pax6 function, 42 show regulation only upon loss of function and 278
show regulation only upon gain of function. (D–F) In situ hybridisation data for cellular expression of Pax6 bound and regulated genes in whole
embryos at E14.5 was available for 279 genes (GenePaint), 56 of which were not detected at this age. Blind scoring of cellular distribution of
expression patterns of the bound and regulated genes (D, E) found that the majority of genes were expressed by neocortical stem/progenitor cells
(VZ), including substantial numbers of genes expressed in both the VZ and in differentiating neurons, as well as genes exclusively expressed in the VZ
(E). Many Pax6 target genes were also expressed by basal progenitor cells in the SVZ. Examples of genes expressed in all three cell types (VZ, SVZ and
CP) are shown in F. Scale bar, 500 mm.
doi:10.1371/journal.pgen.1000511.g005
genes that are positively regulated by Pax6 (both directly and indirectly), denoted by the green shading. In contrast, the union of the sets of genes
downregulated in the D6-Pax6 cortex and genes up-regulated in the Sey/Sey cortex defines a set of genes that are negatively regulated by Pax6
(both directly and indirectly), denoted by the red shading. (H) Examples of the genes found in each of the four categories defined in (C).
doi:10.1371/journal.pgen.1000511.g004
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sor genes Pten and Fzr1/Cdh1 and the transcription factors
Neurog2 and Sox4 [31,44–46]. In addition, Pax6 directly and
positively controls genes that promote basal progenitor cell genesis,
including one of the major determinants of the basal progenitor
fate, Eomes/Tbr2, as well as Neurod1 and Gadd45g [47–49].
Together, these functions of Pax6 indicate that one biological role
for Pax6 is to promote neurogenesis by increasing the number of
neocortical stem and progenitor cells either exiting the cell cycle or
becoming basal progenitor cells, and thus neurons at their next
division.
In addition to roles in neurogenesis and self-renewal, Pax6
controls genes that regulate the neocortical identity of the neurons
produced in the dorsal pallium. It does so by primarily negatively
regulating genes associated with neuronal cell fates, and
subpallially-derived inhibitory neuron and interneuron identity
in particular, through repression of key transcription factors that
confer interneuron fates (Isl1, Foxd1, Ascl1, Dlx1, Lhx8; Figure 6;
[50]).
Many of the findings reported here on the functions of Pax6 in
neurogenesis and self-renewal are in contrast with the recently
described functions of the bHLH transcription factor Hes1,
sustained overexpression of which represses many of the genes
upregulated by Pax6 [51]. Comparison of the expression data
from Hes1 overexpression with the Pax6 data presented here
shows that Pax6 and Hes1 have opposing functions on
neurogenesis and basal progenitor genesis through the same sets
of effector genes (Figure 6): Pax6 positively regulates Neurog2 and
Eomes/Tbr2, for example, whereas both of these key transcription
factors are repressed by Hes1. As discussed in more detail below,
this overlap suggests that Pax6 and Hes1 are both regulating a
core mechanism for controlling neural stem cell self-renewal and
neurogenesis.
Pax6 Gain-of-Function Results in an Increase in
Neurogenesis and Production of Basal Progenitor Cells
To test the prediction of the functions of the Pax6-regulated
network described above, we studied neurogenesis and cell fate
Figure 6. Pax6-regulated transcriptional networks in neocortical stem cells. Pax6 directly regulates sets of genes that control four major
processes in cortical neurogenesis: stem cell maintenance/self-renewal, neurogenesis, production of basal progenitor cells and cortical identity (black
lines). These direct programmes are underpinned by indirect control of larger numbers of genes involved in each of these processes, as shown by the
grey lines. Hes1 suppresses neurogenesis when continuously over-expressed in cortical stem/progenitor cells [51] and that is associated with
repression (blue lines) of many of the same genes positively regulated by Pax6, including those genes required for genesis of basal progenitor cells.
doi:10.1371/journal.pgen.1000511.g006
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PLoS Genetics | www.plosgenetics.org 8 June 2009 | Volume 5 | Issue 6 | e1000511Figure 7. Increased expression of Pax6 specifically in the developing cortex alters neocortical stem cell self-renewal and cell fate
determination. (A) Genes characteristic of the three main cell types in the embryonic cortex (stem/progenitor cells in the ventricular zone; basal
progenitor cells and differentiating neurons) are changed in expression in the D6-Pax6 cortex: there is a striking increase in a set of genes specifically
expressed in basal progenitor cells (Eomes/Tbr2, Hes6, Tcfap2c), indicating that there is an increased production of this cell type when Pax6 levels are
increased. Genes specifically expressed in layer 5 and 6 neurons are upregulated when Pax6 levels are increased, as are genes associated with cortical
neurogenesis (Neurog2, Sox4, Sox21). Conflicting changes in the expression of cell cycle regulators are observed, with increases in expression of
Pax6 Levels in Neural Stem Cell Self-Renewal
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transgenic mouse; Figure 7). As predicted, increased Pax6 resulted
in a marked increase in the expression of Eomes/Tbr2 at E12.5,
demonstrating the increase in the basal progenitor cell population.
Furthermore, there was with an increase in early born, layer 6
neurons (Tbr1-expressing cells), without an increase in the total
number of neurons produced by this stage of development,
compared to controls (as evidenced by the number of cells
expressing neuron-specific tubulin, Tuj1, Figure 7).
However, by E14.5 the D6-Pax6 transgenic cortex was
significantly smaller than that of controls, with a reduction in
total neuron number (Figure 7). The reduction in cortical neuron
number at this stage is consistent with the early increase in Pax6
expression driving cortical stem and progenitor cells towards an
inappropriately early basal progenitor and neuronal fate. The
reduction in cortical size is not due to an increase in cell death in
the Pax6 overexpressing cortex, as no significant increase in
apoptosis could be detected by TUNEL staining (Figure S1). The
early depletion of the stem cell pool reduces the number of stem
cells available for neurogenesis at subsequent stages, resulting in an
overall reduction in cortical size and total cortical neurogenesis by
E14.5 (Figure 7).
A Cortical Neurogenesis/Self-Renewal Regulatory Circuit
Controlled by Pax6
Neurogenin2 (Neurog2) and Ascl1/Mash1 are two proneural
bHLH transcription factors with well-established roles in neocor-
tical neurogenesis and cell fate [15,31]. Both interact with Pax6:
Pax6 positively regulates Neurog2 via an enhancer [34], whereas
Ascl1 expression is upregulated in Pax6-null cortices [52]. Gene
expression profiling of the Neurog2 mutant cortex and the Ascl1-
null ventral telencephalon has been analysed to define genes
downstream of both factors [53]. As with Hes1, there are striking
overlaps in the sets of genes downstream of Ascl1, Neurog2 and
Pax6 in the developing telencephalon.
Placing Pax6 in the context of these three transcription factors
controlling cortical neurogenesis, Hes1, Ascl1 and Neurog2,
enables the definition of a core transcriptional circuit controlling
cortical neural stem cell self-renewal and neurogenesis (Figure 8A).
Pax6 both positively regulates the expression of Neurog2 and also
synergises with Neurog2 to promote basal progenitor cell genesis
and thus production of cortical excitatory projection neurons,
whereas Hes1 opposes this process by repressing many of the same
genes. Ascl1 has complex functions in cortical neurogenesis: while
it also promotes basal progenitor cell genesis, it also drives
expression of transcription factors to promote inhibitory interneu-
ron genesis (Lhx8 and Isl1, for example). Pax6 and Hes1 both
repress Ascl1, and Pax6 represses Lhx8 and Isl1, to inhibit the
interneuron-producing functions of Ascl1.
This network also leads to clear predictions of the normal
functions of Pax6 in regulating neurogenesis and the consequences
of altered Pax6 expression in the early cortex (Figure 8). The
network indicates that Pax6 is essential for the cortical identity of
the basal progenitor cells produced in the cortex, as it is an
essential driver of Eomes/Tbr2 expression, a key determinant of
cortical basal progenitor cell identity [47,48]. Given the repression
of Ascl1 by Pax6 in cortical stem cells and the interneuron-
promoting function of Ascl1, loss of Pax6 function should result in
a basal progenitor cell population lacking cortical identity (due to
loss of Eomes/Tbr2 expression), a decrease in the genesis of
cortical pyramidal neurons and an increase in the production of
inhibitory interneurons (Figure 8B). These are all phenotypes
observed in the Pax6 null cortex [8,9,14,52].
In contrast, increasing Pax6 expression would be predicted to
increase basal progenitor genesis early in cortical development and
increase pyramidal cell genesis both directly from the ventricular
zone and indirectly from basal progenitor cells (Figure 8C). In
principle, Pax6 could increase cortical stem cell self-renewal/
proliferation, but this would be in competition with all of the
functions of Pax6 that promote neurogenesis: reduced prolifera-
tion/cell cycle exit (via Pten and Fzr1/Cdh1 expression), basal
progenitor cell genesis (via Eomes/Tbr2 and Neurod1) and
neurogenesis (via Neurog2 and Sox4). In the D6-Pax6 cortex, as
described above, an increase in basal progenitor genesis is
observed early in development, accompanied by an increase in
the production of early-born cortical pyramidal cells.
Levels of Pax6 Regulate the Balance between
Neurogenesis and Self-Renewal
Our in vivo analysis supports the finding that Pax6 operates in
and regulates a core transcriptional network that controls the
balance between neurogenesis and stem cell self-renewal in a
highly dosage-sensitive manner. Altering the amount of Pax6 in
neural stem cells has profound effects on the output of neural stem
cells, ultimately compromising the ability of neural stem cells to
generate all of the required neurons for normal assembly of the
cerebral cortex. This raises the question as to whether Pax6 levels
do vary or oscillate in vivo, as has been reported for several other
genes in developing systems [54].
The levels of Hes1 and Neurog2 proteins vary with cell cycle
stage and have also been shown to oscillate in neocortical stem and
progenitor cells with a 2–3 hour frequency [51], in a Notch-
dependent fashion in the case of Hes1. Immunohistochemistry for
Pax6, Neurog2 and Hes1 shows that Pax6 does not show obvious
cell cycle-dependent changes in levels, unlike Hes1 and Neurog2,
as assessed by nuclear location in the ventricular zone, as it is
expressed in all neocortical stem and progenitor cells at relatively
high levels (Figure 9A; Figure S2). This approach cannot resolve
oscillations with a short periodicity, as observed for Hes1 and
Neurog2 by live imaging [51]. However, Hes1-expressing cortical
stem and progenitor cells also express high levels of Pax6, so it is
unlikely that Hes1 represses Pax6 expression as it does Neurog2
[51]. In the presence of Notch signalling, increased Hes1 and Hes5
activity suppresses neurogenesis and promotes self-renewal, in part
positive regulators of G1 progression (Cdk2, Cdk4, Hmga2) and negative regulators of proliferation (Pten, Fzr1), accompanied by decreased
expression of genes specifically transcribed in S- and M-phase (Foxm1, Mcm3, 5 & 7). (B) Over-production of basal progenitor cells (Eomes/Tbr2) and
layer 6 neurons (Tbr1) observed at E12.5, resulting from increased Pax6 expression that also upregulates Neurog2 expression. Arrowheads indicate
the region of Pax6 over-expression within the cortex, which does not extend throughout the entire lateral dimension of the VZ. Scale bars, 100 mm.
(C) The increased expression of Pax6 in the D6-Pax6 cortex results in microcephaly at E14.5 that is more pronounced caudally (where the D6
transgene drives the highest increase in Pax6 expression). The cortical plate is reduced in thickness compared to wildtype, with an overall reduction
in the number of neurons (as assessed by Tbr1 staining). Increased Neurog2 expression is maintained at this stage, as is increased Eomes/Tbr2
expression. Scale bar, 200 mm. (D,E) Increased Pax6 expression results in a reduction in total cortical size at E12.5. At both E12.5 and E14.5 the
microcephaly is not associated with a marked change in mitotic index, as assayed by phopho-histone H3 staining for cells in M-phase at the
ventricular surface. Green, Tuj1; red, phospho-histone H3; blue, DAPI. Scale bars, D, 100 mm; F, 200 mm.
doi:10.1371/journal.pgen.1000511.g007
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PLoS Genetics | www.plosgenetics.org 10 June 2009 | Volume 5 | Issue 6 | e1000511Figure 8. A neurogenesis and self-renewal regulatory circuit operating in neocortical stem cells, regulated by Pax6. (A) Pax6 binding
and regulation data indicate that Pax6 levels are critical in maintaining the balance between stem cell maintenance, neurogenesis and SVZ genesis, as
well as enforcing cortical identity. Combining these data with published data on genes downstream of Neurog2, Ascl1 and Hes1 (see text for details)
enables construction of a basic network regulating cortical stem cell neurogenesis. Under normal conditions, Pax6 positively regulates Neurog2 and
negatively regulates Ascl1 (Mash1), while directly and indirectly repressing the transcription factors Isl1 and Lhx8 respectively, both required for
inhibitory interneuron genesis. Overall, this promotes genesis of glutamatergic projection neurons. Pax6 also positively regulates basal progenitor cell
genes, including Eomes/Tbr2. Thick lines indicate direct regulation, thin lines indicate evidence from expression studies. (B) Loss of Pax6 function
(Sey/Sey) removes the positive regulation of Neurog2 and the negative regulation of Ascl1, Lhx8 and Isl1. This would be predicted to result in the
production of GABAergic interneurons in the cortex, as has been previously observed [52]. The loss of Pax6 also removes the positive regulation of
the set of basal progenitor cell genes, however this is compensated for many of those genes in large part by the upregulation of Ascl1, with the
exception of Eomes/Tbr2. Thus an SVZ is still generated in the absence of Pax6, but without Pax6 it loses its cortical identity and becomes Ascl1-
expressing, similar to the SVZ of the ventral forebrain [14]. (C) Increasing the levels of Pax6 (indicated by thick lines) would be predicted to result in an
over-production of basal progenitor cells by increasing Neurog2 expression and synergising with Neurog2 to increase expression of basal progenitor
cell determinants, including Eomes/Tbr2. This increase in neurogenesis would potentially be at the expense of stem cell maintenance, although both
Neurog2 and Pax6 increase expression of the stem cell maintenance factor Hes5.
doi:10.1371/journal.pgen.1000511.g008
Pax6 Levels in Neural Stem Cell Self-Renewal
PLoS Genetics | www.plosgenetics.org 11 June 2009 | Volume 5 | Issue 6 | e1000511by repression of Neurog2, assisted by the activation of Hes5
expression by Pax6 (Figure 9B). In the absence of Notch signalling
and Hes1 activity, Pax6-driven increase in Neurog2 and the
resulting drive to neurogenesis are unopposed, allowing Pax6 to
promote neurogenesis (Figure 9C).
Therefore, the identification of the direct transcriptional targets
of Pax6 in neocortical stem and progenitor cells, combined with
phenotypic analyses of the Pax6 gain and loss of function cortex,
have enabled the elucidation of a regulatory network controlling
the balance between neurogenesis and self-renewal. The develop-
ment of this model provides a framework in which to explore
questions arising from the mechanism reported here. For example,
only a subset of Pax6+/Hes12 stem cells in G1 phase of the cell
cycle go on to generate neurons in the next round of cell division.
Therefore, there are likely to be additional components of this
network that promote self-renewal and suppress neurogenesis.
Discussion
Neural stem cell self-renewal, neurogenesis and cell fate
determination are three forces that control the generation of
specific classes of neurons at the correct place and time during
development. Much remains to be discovered of the cellular
networks operating to control these processes. We report here that
the transcription factor Pax6 directly regulates genes controlling
the balance between neocortical stem cell maintenance, neuro-
Figure 9. Pax6 protein levels are constant in cortical stem and progenitor cells, compared to the variation in Neurog2 and Hes1
levels: implications for network behaviour. (A) Confocal microscope images of immunofluorescent staining for Pax6, Neurog2 and Hes1 in the
E12.5 cortex. Single channel images of staining for each antibody are shown, together with the merged image. Arrowheads highlight Pax6+ nuclei
(red), Neurog2+ nuclei (blue) and Hes1+ nuclei (green). Almost all Hes1+ cells are also strongly Pax6+. Both Neurog2+/Pax6+ and Neurog2+/Pax62
cells were observed. Scale bar, 50 mm. (B) Prediction of the output of the self-renewal/neurogenesis network when Hes1 levels are high (active Notch
signalling): under these conditions, Hes1 antagonises the positive regulation of Neurog2 by Pax6 to suppress neurogenesis. (C) Prediction of the
output of the self-renewal/neurogenesis network when Hes1 levels are low (no active Notch signalling): under these conditions, Pax6 positively
regulates Neurog2 expression, unopposed by Hes1. Pax6 and Neurog2 cooperate to promote neurogenesis and basal progenitor cell genesis.
doi:10.1371/journal.pgen.1000511.g009
Pax6 Levels in Neural Stem Cell Self-Renewal
PLoS Genetics | www.plosgenetics.org 12 June 2009 | Volume 5 | Issue 6 | e1000511genesis and the production of basal progenitor cells in a dosage-
dependent fashion. While consistent with genetic loss-of-function
studies [10,14,20,52,55–58], the direct nature of the control of
these processes by Pax6 and their dosage sensitivity are
unexpected. We propose that this dosage sensitivity reflects the
need for a critical level of Pax6 within neocortical stem and
progenitor cells.
Using Pax6 ChIP, we have identified a set of the promoters
bound by Pax6 in neocortical stem cells in vivo at E12.5. This set of
Pax6-bound genes defines the components of potential networks
regulated by Pax6 in this tissue, and is noteworthy for the
enrichment for genes involved in controlling cell cycle progression,
transcription factors expressed in the three main cell types found in
the early cortex (ventricular zone stem cells, basal progenitor cells
and differentiating neurons) and also transcription factors expressed
specifically in non-cortical neurons, including the ventral forebrain,
spinal cord and retina, as well as in pancreatic islet cells.
These binding data are compatible with a number of models for
Pax6 action. For example, Pax6 could repress expression of genes
that are not normally expressed in the neocortex, or alternatively
could simply bind to target sites in the promoters of genes normally
expressed in other cell types in a Pax6-dependent manner, without
driving their expression in the cortex. Similarly, for those genes
expressed in cortex, Pax6 could either positively or negatively
regulate cell cycle progression, and positively or negatively regulate
basal progenitor cell genesis. Evidence for gene regulation by Pax6
is essential to resolve these questions. Therefore, we combined the
binding data with transcriptome data from Pax6 gain- and loss-of-
function experiments in the early developing cortex in order to
identify those genes whose expression is dependent on Pax6 and the
nature of that dependency, finding that 22% of Pax6-bound genes
show evidence for regulation in vivo.
Transcriptome analyses of Pax6 gain and loss of function
cortices identified a subset of genes that show reciprocal
regulation, but also clearly demonstrate that the gain and loss of
function gene expression changes are not simply complementary,
in agreement with the reported anatomical phenotypes of Pax6
null and Pax6 over-expressing cortices [14,21,27,29]. However,
there is a striking overlap and complementarity in the changes of
expression in basal progenitor genes observed in each mutant. We
found that Pax6 directly promotes expression of a large set of
genes specifically expressed in basal progenitor cells, including the
key determinant of that cell type, the transcription factor Eomes/
Tbr2: mutations in Eomes/Tbr2 lead to a loss of the cortical
intermediate progenitor cell population, accompanied by a
reduction in neurons in all cortical layers [47,48]. Increasing
Pax6 levels drives basal progenitor cell genesis from cortical stem
cells, primarily by increasing Eomes/Tbr2 expression, along with
the other basal progenitor cell genes such as Gadd45g, Neurod1,
Sstr2 and Hes6 [49]. Basal progenitor cells undergo a limited
number of mitotic divisions to generate neurons [59], thus the
overall effect of shifting the stem cell population towards basal
progenitor cells is to increase neurogenesis at the expense of neural
stem cell maintenance in the early stages of cortical development,
ultimately resulting in microcephaly, as observed here.
However, there are also changes in expression specific to either
gain or loss of Pax6 function, with many more genes showing
altered expression upon increased Pax6 levels. For example, from
the combined Pax6 binding and regulation data we have found
that Pax6 expression positively regulates stem cell self-renewal by
promoting expression of the transcription factor Hmga2 and the
G1 cyclin dependent kinase, Cdk4. Hmga2 promotes neural stem
cell self-renewal by reducing expression of two negative regulators
of the cell cycle, p16
Ink4a and p19
Arf [39]. Hmga2 reduces
expression of p16
Ink4a and p19
Arf indirectly via repression of JunB,
a positive regulator of their expression, and we also found Pax6
binding to the promoter of JunB in cortical stem cells. p16
Ink4a
slows cell cycle progression by inhibiting the G1 cyclin-dependent
kinase Cdk4 [60], and Cdk4 is bound and positively-regulated by
Pax6 in cortical stem cells. In contrast, Pax6 also directly promotes
expression of Pten and Fzr1/Cdh1, both of which reduce neural
stem cell proliferation and self-renewal [44,61]. Thus, under
normal conditions in vivo Pax6 has the potential to both promote
and limit stem cell self-renewal. However, when Pax6 levels are
increased, as in the D6-Pax6 transgenic cortex, the neurogenic
functions of Pax6 are dominant over its ability to promote self-
renewal.
We have also placed Pax6 in the context of other transcriptional
regulators of self-renewal and neurogenesis, Hes1, Neurog2 and
Ascl1/Mash1, in order to extend our coverage of the cellular
networks controlling these processes. The marked overlap between
those genes directly and indirectly regulated by Pax6 with the genes
regulated by all three of the other factors provides strong evidence
for the operation and architecture of the network regulating cortical
neurogenesis, and the central importance of the basal progenitor
population as a major output of that network. Pax6 and Neurog2
cooperate to promote neurogenesis, both directly and via the basal
progenitor population, and this is opposed by the oscillating
expression of Hes1 [51]. At the same time, Pax6 also promotes stem
cell self-renewal in a manner that counterbalances its neurogenesis-
promoting activity. However, when over-expressed, the promotion
of neurogenesis and basal progenitor cell genesis by Pax6 is
dominant over the promotion of self-renewal.
Therefore, we propose that there is an optimal level of Pax6 that
determines the balance between neocortical stem cell self-renewal
and neurogenesis: increasing that level drives stem cells to a
neuronal or basal progenitor fate, whereas reducing the level leads
to early cell cycle exit, manifest as increased early neurogenesis
[14]. In both cases, altering Pax6 levels leads to a depletion of the
stem cell population by exiting to neurogenesis, but by different
pathways and with different neuronal fates: cortical pyramidal cells
when Pax6 is increased, inhibitory interneurons when Pax6 is
absent. The sensitivity of cortical development to Pax6 levels
underlines the importance of assessing subtle structural and
functional anomalies in humans heterozygous for Pax6 mutations,
as has been done for aniridia patients [22,25].
Finally, the findings of Pax6 function in neocortical stem and
progenitor cells presented here have similarities with the functions
of the ES cell pluripotency regulator Oct4 [3]. Oct4 shows marked
dosage effects in ES cells in vitro such that a reduction in Oct4
levels leads to trophectoderm differentiation and a two-fold
increase in Oct4 levels leads to differentiation to primitive
endoderm and mesoderm [3]. Loss of Pax6 leads to a depletion
of the cortical stem cell pool, via increased early neurogenesis
secondary to a failure to self-renew, and also a switch in the fates of
the neurons produced from glutamatergic cortical neurons to an
inhibitory interneuron identity [52]. Similarly, increased Pax6
expression also leads to depletion of the stem cell pool, but in this
case by driving stem cells to a basal progenitor fate, leading to an
overproduction of early-born, deep-layer cortical neurons. Thus
the level of Pax6 controls whether neural stem cells will self-renew,
generate cortical neurons or produce basal progenitor cells.
Materials and Methods
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as
described [62], with minor modifications. An average of 36
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ChIP. For these and subsequent studies, all animal work was
approved by local ethics review committees and, where relevant,
carried out according to UK Home Office national guidelines.
ChIP was carried out with specific rabbit polyclonal Pax6
antibodies generated against C-terminal peptides that recognise
both splice variants of Pax6: C-term 1 -Chemicon, Cat
no. AB5409 and C-term 2 - Covance PRB-278P. For array
analysis, Pax6-bound genomic DNA was purified by ChIP using
the Chemicon antibody, and ChIP material and whole cell extract
DNA were globally amplified by ligation-mediated PCR [62]. To
validate ChIP-on-chip data, unamplified ChIP material prepared
with both Pax6 antibodies and from control samples lacking the
primary antibody were used for gene-specific, quantitative PCR.
Primers to amplify 100–250 bp target regions surrounding the
predicted genomic binding locations for Pax6 were designed using
Primer3 (http://frodo.wi.mit.edu/) [63] or Primer Express
(Applied Biosystems), and checked for specificity in the genome
using the BLAT algorithm (http://genome.ucsc.edu/). Quantita-
tive PCR was carried out using the Roche Lightcycler system or
the Applied Biosystems 7300 system. The amount of target regions
was quantified in Pax6 and control chromatin immunoprecipita-
tions lacking the primary antibody (no-antibody controls, NoAb).
The enrichment for each gene was calculated by normalising the
Pax6/NoAb ratio against the Pax6/NoAb ratio for a promoter
region that was not found to be bound by Pax6 (non-bound
control region from the Syt8 gene).
Promoter Microarray Analysis
Amplified Pax6 ChIP and whole cell extract DNA were labelled
by indirect incorporation of Cy3 or Cy5-labelled nucleotides and
hybridised to Agilent mouse promoter 244 K arrays according to
the manufacturer’s instructions. Slides were scanned in an Agilent
scanner and data extracted and normalised using Agilent Feature
Extractor. Data were analysed by neighbour analysis [62]
implemented in ChipAnalytics (Agilent) to calculate probability
scores of Pax6 binding for each array oligonucleotide (p[Xbar]
scores). Binding events were identified by sliding a 1000 bp
window across the genomic space covered by the promoter array.
Within a window, the best p[Xbar] score from each of the three
ChIP-chip experiments was identified. A binding event was called
if: (1) 2 or more scores were ,=0.015, and (2) the product of three
scores was ,=0.000025. Gene ontology analysis of Pax6-bound
genes was performed using GOToolBox (http://crfb.univ-mrs.fr/
GOToolBox/home.php).
D6-Pax6 Transgenic Mice
To generate D6-Pax6 transgenic mice, the 5.7 Kb D6 promoter
fragment was cloned upstream of the canonical Pax6 open reading
frame[35–37]andinjectedintothepronucleusoffertilized(C57BL/
66BALB/c)F1mouseoocytestogeneratefoundermice.InsituRNA
hybridization using digoxigenin (DIG)-labeled RNA probes was
performed according to methods described at the Rubenstein lab
website (http://physio.ucsf.edu/rubenstein/protocols/index.asp).
Sections from the different genotypes (WT and D6-Pax6) were
processed in parallel. Basal ganglia expression was used an internal
control to compare results between different experiments and
between experimental and WT samples. Probes used: Pax6 (P.
Gruss), Neurog2 (F. Guillemot), Tbr1 and Eomes/Tbr2 (Rubenstein
lab).Immunohistochemistrywasperformedonfrozensections(10or
20 mm). Antibodies used: monoclonal anti-bIII-tubulin antibody
(clone TUJ1; Covance), 1:1000; anti-phospho-Histone H3 (Ser10)
(Upstate)1:200;antiPax6(DevelopmentalStudiesHybridomaBank)
1:1000; anti-Eomes/Tbr2 (gift from Robert Hevner, University of
WashingtonSchoolofMedicine,Seattle).Pax6levelswerequantified
in 9 wildtype and 14 D6-Pax6 tissue sections by the intensity of the
immunofluorescent signal: the signal along the dorsal-ventral axis
was quantified in the ventricular zone by histogram (ImageJ, NIH),
using the mean intensity. For this quantification the Developmental
Studies Hybridoma Bank anti-Pax6 antibody was used at 1:1000.
TUNELanalysiswasperformedon20 mmcryostatsectionsusingthe
Apoptag Kit following the manufacturer’s recommendations (Milli-
pore, CA, USA). Similar results were observed with activated
Caspase 3 staining (data not shown).
Immunohistochemistry for Pax6, Neurog2, and Hes1
Triple immunohistochemistry for Pax6, Hes1 and Neurog2 was
carried out on sections of E12.5 cortex by standard techniques
(rabbit anti-Pax6 antibody, Covance PRB-278P; guinea pig anti-
Hes1 antibody, gift from Ryoichiro Kageyama; goat anti-
Neurog2, Santa Cruz Biotechnology). Quantification of the
fluorescent intensity of nuclear staining for each antibody was
carried out on confocal microscrope images (Radiance, Biorad) of
a minimum of three sections using Volocity software (Improvision).
mRNA Expression Profiling
Cortices were dissected from individual embryos in two litters of
E12.5 Pax6
Sey (Edinburgh Small-eye, [6]) mutant embryos and
from one litter of E12.5 D6-Pax6 transgenic mice. Total RNA was
extracted and cDNA synthesised using the SMART system, as
described [64]. Gene expression in neocortices from three single
Pax6
Sey/Sey embryos was compared to that in four single wildtype
littermates on six dye-swapped oligonucleotide microarrays; while
gene expression in neocortices from three single D6-Pax6 embryos
was compared to that in three single wildtype littermates at E12.5
in a set of 6 paired dye-swapped hybridizations. Arrays of the
MEEBO oligonucleotide set (Invitrogen), produced by the
Pathology Department, University of Cambridge were used for
all studies. cDNA labeling, array hybridization, slide scanning
(Axon GenePix microarray scanner, Molecular Devices) and data
extraction were performed as described [64]. Expression data were
archived and lowess normalized using the Acuity system
(Molecular Devices). Log ratios of all expression measurements
for each array were median-centered and expression ratios
variance normalized across all of the arrays (without adjusting
the average fold-change). Genes were filtered on the basis of the
number of arrays on which they were detected, being required to
be present in 4 of the 6 microarrays. For the D6-Pax6 analysis,
dye-swapped replicate pairs of arrays were averaged, and in the
case of one missing value, the single value used. Significant
differences in gene expression were identified using the signifi-
cance analysis of microarrays (SAM) algorithm (Version 2; one
class, at least 200 permutations), using a false discovery rate (FDR)
of 0.1 [65].
Data Integration and Network Modelling
Datasetintersectionsbetweenarraydatasetswereperformedusing
gene symbols. Gene symbols were retrieved using the SOURCE
(http://smd-www.stanford.edu/cgi-bin/source/sourceSearch)data-
base and the gene accession numbers provided by the array/
oligonucleotide manufacturers. Network modeling was carried out
using BioTapestry (www.biotapestry.org) [66].
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Figure S1 Analysis of cell death in the Pax6-overexpressing
cortex by TUNEL staining.
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Table S1 Gene promoters identified as bound by Pax6 by ChIP
from E12.5 mouse cortex.
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Table S2 Microarray analysis of altered mRNA levels in the
E12.5 D6-Pax6 cortex, compared to wild-type littermates.
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Table S3 Microarray analysis of altered mRNA levels in the
E12.5 Sey/Sey cortex, compared to wild-type littermates.
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Table S4 Sets of genes bound and regulated by Pax6 in the
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Table S5 Breakdown of gene expression patterns at E14.5 for
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XLS)
Acknowledgments
The authors thank Tanya Subkhankulova for technical assistance,
Ryoichiro Kageyama for providing the Hes1 antibody, and members of
the Livesey lab for critical reading of the manuscript.
Author Contributions
Conceived and designed the experiments: SNS FJL. Performed the
experiments: SNS DSG AF JS. Analyzed the data: SNS DSG AF JLR FJL.
Contributed reagents/materials/analysis tools: DJK YR VvH JLR. Wrote
the paper: SNS FJL.
References
1. Livesey FJ, Cepko CL (2001) Vertebrate neural cell-fate determination: lessons
from the retina. Nat Rev Neurosci 2: 109–118.
2. Chambers I, Colby D, Robertson M, Nichols J, Lee S, et al. (2003) Functional
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem
cells. Cell 113: 643–655.
3. Niwa H, Miyazaki J, Smith AG (2000) Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet
24: 372–376.
4. St-Onge L, Sosa-Pineda B, Chowdhury K, Mansouri A, Gruss P (1997) Pax6 is
required for differentiation of glucagon-producing alpha-cells in mouse
pancreas. Nature 387: 406–409.
5. Glaser T, Jepeal L, Edwards JG, Young SR, Favor J, et al. (1994) PAX6 gene
dosage effect in a family with congenital cataracts, aniridia, anophthalmia and
central nervous system defects. Nat Genet 7: 463–471.
6. Hill RE, Favor J, Hogan BL, Ton CC, Saunders GF, et al. (1991) Mouse small
eye results from mutations in a paired-like homeobox-containing gene. Nature
354: 522–525.
7. Simpson TI, Price DJ (2002) Pax6; a pleiotropic player in development.
Bioessays 24: 1041–1051.
8. Yun K, Potter S, Rubenstein JL (2001) Gsh2 and Pax6 play complementary
roles in dorsoventral patterning of the mammalian telencephalon. Development
128: 193–205.
9. Toresson H, Potter SS, Campbell K (2000) Genetic control of dorsal-ventral
identity in the telencephalon: opposing roles for Pax6 and Gsh2. Development
127: 4361–4371.
10. Marquardt T, Ashery-Padan R, Andrejewski N, Scardigli R, Guillemot F, et al.
(2001) Pax6 is required for the multipotent state of retinal progenitor cells. Cell
105: 43–55.
11. Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, et al. (2002) Glial
cells generate neurons: the role of the transcription factor Pax6. Nat Neurosci 5:
308–315.
12. Estivill-Torrus G, Pearson H, van Heyningen V, Price DJ, Rashbass P (2002)
Pax6 is required to regulate the cell cycle and the rate of progression from
symmetrical to asymmetrical division in mammalian cortical progenitors.
Development 129: 455–466.
13. Tyas DA, Pearson H, Rashbass P, Price DJ (2003) Pax6 regulates cell adhesion
during cortical development. Cereb Cortex 13: 612–619.
14. Quinn JC, Molinek M, Martynoga BS, Zaki PA, Faedo A, et al. (2007) Pax6
controls cerebral cortical cell number by regulating exit from the cell cycle and
specifies cortical cell identity by a cell autonomous mechanism. Dev Biol 302:
50–65.
15. Schuurmans C, Armant O, Nieto M, Stenman JM, Britz O, et al. (2004)
Sequential phases of cortical specification involve Neurogenin-dependent and -
independent pathways. Embo J 23: 2892–2902.
16. Baumer N, Marquardt T, Stoykova A, Ashery-Padan R, Chowdhury K, et al.
(2002) Pax6 is required for establishing naso-temporal and dorsal characteristics
of the optic vesicle. Development 129: 4535–4545.
17. Bishop KM, Goudreau G, O’Leary DD (2000) Regulation of area identity in the
mammalian neocortex by Emx2 and Pax6. Science 288: 344–349.
18. Stoykova A, Treichel D, Hallonet M, Gruss P (2000) Pax6 modulates the
dorsoventral patterning of the mammalian telencephalon. J Neurosci 20:
8042–8050.
19. Stoykova A, Fritsch R, Walther C, Gruss P (1996) Forebrain patterning defects
in Small eye mutant mice. Development 122: 3453–3465.
20. Tarabykin V, Stoykova A, Usman N, Gruss P (2001) Cortical upper layer
neurons derive from the subventricular zone as indicated by Svet1 gene
expression. Development 128: 1983–1993.
21. Warren N, Caric D, Pratt T, Clausen JA, Asavaritikrai P, et al. (1999) The
transcription factor, Pax6, is required for cell proliferation and differentiation in
the developing cerebral cortex. Cereb Cortex 9: 627–635.
22. Mitchell TN, Free SL, Williamson KA, Stevens JM, Churchill AJ, et al. (2003)
Polymicrogyria and absence of pineal gland due to PAX6 mutation. Ann Neurol
53: 658–663.
23. Haubst N, Berger J, Radjendirane V, Graw J, Favor J, et al. (2004) Molecular
dissection of Pax6 function: the specific roles of the paired domain and
homeodomain in brain development. Development 131: 6131–6140.
24. Ellison-Wright Z, Heyman I, Frampton I, Rubia K, Chitnis X, et al. (2004)
Heterozygous PAX6 mutation, adult brain structure and fronto-striato-thalamic
function in a human family. Eur J Neurosci 19: 1505–1512.
25. Sisodiya SM, Free SL, Williamson KA, Mitchell TN, Willis C, et al. (2001)
PAX6 haploinsufficiency causes cerebral malformation and olfactory dysfunc-
tion in humans. Nat Genet 28: 214–216.
26. Manuel M, Price DJ (2005) Role of Pax6 in forebrain regionalization. Brain Res
Bull 66: 387–393.
27. Manuel M, Georgala PA, Carr CB, Chanas S, Kleinjan DA, et al. (2007)
Controlled overexpression of Pax6 in vivo negatively autoregulates the Pax6
locus, causing cell-autonomous defects of late cortical progenitor proliferation
with little effect on cortical arealization. Development 134: 545–555.
28. Schedl A, Ross A, Lee M, Engelkamp D, Rashbass P, et al. (1996) Influence of
PAX6 gene dosage on development: Overexpression causes severe eye
abnormalities. Cell 86: 71–82.
29. Berger J, Berger S, Tuoc TC, D’Amelio M, Cecconi F, et al. (2007) Conditional
activation of Pax6 in the developing cortex of transgenic mice causes progenitor
apoptosis. Development 134: 1311–1322.
30. Kageyama R, Ohtsuka T, Shimojo H, Imayoshi I (2008) Dynamic Notch
signaling in neural progenitor cells and a revised view of lateral inhibition. Nat
Neurosci 11: 1247–1251.
31. Guillemot F (2005) Cellular and molecular control of neurogenesis in the
mammalian telencephalon. Curr Opin Cell Biol 17: 639–647.
32. Englund C, Fink A, Lau C, Pham D, Daza RA, et al. (2005) Pax6, Tbr2, and
Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and
postmitotic neurons in developing neocortex. J Neurosci 25: 247–251.
33. Scardigli R, Schuurmans C, Gradwohl G, Guillemot F (2001) Crossregulation
between Neurogenin2 and pathways specifying neuronal identity in the spinal
cord. Neuron 31: 203–217.
34. Scardigli R, Baumer N, Gruss P, Guillemot F, Le Roux I (2003) Direct and
concentration-dependent regulation of the proneural gene Neurogenin2 by
Pax6. Development 130: 3269–3281.
35. Machon O, van den Bout CJ, Backman M, Rosok O, Caubit X, et al. (2002)
Forebrain-specific promoter/enhancer D6 derived from the mouse Dach1 gene
controls expression in neural stem cells. Neuroscience 112: 951–966.
36. van den Bout CJ, Machon O, Rosok O, Backman M, Krauss S (2002) The
mouse enhancer element D6 directs Cre recombinase activity in the neocortex
and the hippocampus. Mech Dev 110: 179–182.
37. Faedo A, Tomassy GS, Ruan Y, Teichmann H, Krauss S, et al. (2008) COUP-
TFI coordinates cortical patterning, neurogenesis, and laminar fate and
modulates MAPK/ERK, AKT, and beta-catenin signaling. Cereb Cortex 18:
2117–2131.
Pax6 Levels in Neural Stem Cell Self-Renewal
PLoS Genetics | www.plosgenetics.org 15 June 2009 | Volume 5 | Issue 6 | e100051138. Visel A, Thaller C, Eichele G (2004) GenePaint.org: an atlas of gene expression
patterns in the mouse embryo. Nucleic Acids Res 32: D552–556.
39. Nishino J, Kim I, Chada K, Morrison SJ (2008) Hmga2 promotes neural stem
cell self-renewal in young but not old mice by reducing p16Ink4a and p19Arf
Expression. Cell 135: 227–239.
40. Berthet C, Klarmann KD, Hilton MB, Suh HC, Keller JR, et al. (2006)
Combined loss of Cdk2 and Cdk4 results in embryonic lethality and Rb
hypophosphorylation. Dev Cell 10: 563–573.
41. Buscarlet M, Perin A, Laing A, Brickman JM, Stifani S (2008) Inhibition of
cortical neuron differentiation by Groucho/TLE1 requires interaction with
WRPW, but not Eh1, repressor peptides. J Biol Chem 283: 24881–24888.
42. Kageyama R, Ohtsuka T, Kobayashi T (2008) Roles of Hes genes in neural
development. Dev Growth Differ 50 Suppl 1: S97–103.
43. Hatakeyama J, Kageyama R (2006) Notch1 expression is spatiotemporally
correlated with neurogenesis and negatively regulated by Notch1-independent
Hes genes in the developing nervous system. Cereb Cortex 16 Suppl 1:
i132–137.
44. Garcia-Higuera I, Manchado E, Dubus P, Canamero M, Mendez J, et al. (2008)
Genomic stability and tumour suppression by the APC/C cofactor Cdh1. Nat
Cell Biol 10: 802–811.
45. Zheng H, Ying H, Yan H, Kimmelman AC, Hiller DJ, et al. (2008) p53 and
Pten control neural and glioma stem/progenitor cell renewal and differentiation.
Nature 455: 1129–1133.
46. Bergsland M, Werme M, Malewicz M, Perlmann T, Muhr J (2006) The
establishment of neuronal properties is controlled by Sox4 and Sox11. Genes
Dev 20: 3475–3486.
47. Sessa A, Mao CA, Hadjantonakis AK, Klein WH, Broccoli V (2008) Tbr2
directs conversion of radial glia into basal precursors and guides neuronal
amplification by indirect neurogenesis in the developing neocortex. Neuron 60:
56–69.
48. Arnold SJ, Huang GJ, Cheung AF, Era T, Nishikawa S, et al. (2008) The T-box
transcription factor Eomes/Tbr2 regulates neurogenesis in the cortical
subventricular zone. Genes Dev 22: 2479–2484.
49. Kawaguchi A, Ikawa T, Kasukawa T, Ueda HR, Kurimoto K, et al. (2008)
Single-cell gene profiling defines differential progenitor subclasses in mammalian
neurogenesis. Development 135: 3113–3124.
50. Wonders CP, Anderson SA (2006) The origin and specification of cortical
interneurons. Nat Rev Neurosci 7: 687–696.
51. Shimojo H, Ohtsuka T, Kageyama R (2008) Oscillations in notch signaling
regulate maintenance of neural progenitors. Neuron 58: 52–64.
52. Kroll TT, O’Leary DD (2005) Ventralized dorsal telencephalic progenitors in
Pax6 mutant mice generate GABA interneurons of a lateral ganglionic eminence
fate. Proc Natl Acad Sci U S A 102: 7374–7379.
53. Gohlke JM, Armant O, Parham FM, Smith MV, Zimmer C, et al. (2008)
Characterization of the proneural gene regulatory network during mouse
telencephalon development. BMC Biol 6: 15.
54. Dequeant ML, Glynn E, Gaudenz K, Wahl M, Chen J, et al. (2006) A complex
oscillating network of signaling genes underlies the mouse segmentation clock.
Science 314: 1595–1598.
55. Pinson J, Simpson TI, Mason JO, Price DJ (2006) Positive autoregulation of the
transcription factor Pax6 in response to increased levels of either of its major
isoforms, Pax6 or Pax6(5a), in cultured cells. BMC Dev Biol 6: 25.
56. Holm PC, Mader MT, Haubst N, Wizenmann A, Sigvardsson M, et al. (2006)
Loss- and gain-of-function analyses reveal targets of Pax6 in the developing
mouse telencephalon. Mol Cell Neurosci.
57. Muzio L, DiBenedetto B, Stoykova A, Boncinelli E, Gruss P, et al. (2002) Emx2
and Pax6 control regionalization of the pre-neuronogenic cortical primordium.
Cereb Cortex 12: 129–139.
58. Gotz M, Stoykova A, Gruss P (1998) Pax6 controls radial glia differentiation in
the cerebral cortex. Neuron 21: 1031–1044.
59. Pontious A, Kowalczyk T, Englund C, Hevner RF (2008) Role of intermediate
progenitor cells in cerebral cortex development. Dev Neurosci 30: 24–32.
60. Sherr CJ (2004) Principles of tumor suppression. Cell 116: 235–246.
61. Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A, et al.
(2001) Negative regulation of neural stem/progenitor cell proliferation by the
Pten tumor suppressor gene in vivo. Science 294: 2186–2189.
62. Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, et al. (2005) Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122:
947–956.
63. Rozen S, Skaletsky HJ (2000) Primer3 on the WWW for general users and for
biologist programmers. In: Krawetz S, Misener S, eds (2000) Bioinformatics
Methods and Protocols: Methods in Molecular Biology. TotowaNJ: Humana
Press. pp 365–386.
64. Sansom SN, Hebert JM, Thammongkol U, Smith J, Nisbet G, et al. (2005)
Genomic characterisation of a Fgf-regulated gradient-based neocortical proto-
map. Development 132: 3947–3961.
65. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays
applied to the ionizing radiation response. Proc Natl Acad Sci U S A 98:
5116–5121.
66. Longabaugh WJ, Davidson EH, Bolouri H (2005) Computational representation
of developmental genetic regulatory networks. Dev Biol 283: 1–16.
Pax6 Levels in Neural Stem Cell Self-Renewal
PLoS Genetics | www.plosgenetics.org 16 June 2009 | Volume 5 | Issue 6 | e1000511